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ABSTRACT

This paper describes t w o laser tracking techniques currently
under development a t the National Bureau o f Standards f o r robot
performance measurements. Tests indicate tha t the systems can be
used in real - time t o determine the three-dimensional s ta t i c and
dynamic positioning accuracy o f a robot 8nd effector t o a few
parts i n lOO,OOO (i.8.12.5 - 50 um fo r a medium t o large s ize
robot), and wrist orientations t o within two seconds o f arc. Both
systems would be oimple and compact enough t o be considered as a
general -purpose portable calibrating t o o l f o r robots (or CNC
machines), o r as an integra l p a r t o f a robotic system providing
real - t ime position feedback o f the 8nd-8ffector independent o f
the posit ion and angle feedback o f joint membero. The ability t o
dynamically and sta t ica l ly measure the posit ion o f an end-
ef fec to r t o the above accuracy has signi f icant ramifications w i t h
regard t o meaningful robot performance measurements, and the
po ten t i a l o f these systems on other industrial and engineering
applications.

1. INTRODUCTION

The posi t ion o f the 8nd-effector o f current robots i s
determined by computing t h a t posi t ion from j o i n t information.
This has several 6erious problemrr. First , the robot mtructure
must be very r ig id because any flexing or banding o f the anus
causes error8 i n the robot cont ro l ler 'e knowledge o f where the
end-effector is. The requirement f o r r ig id i ty increases the cost
and weight o f the robot, andlimit.the payload. Second, even
w i t h precision encodero and.tiff membero, t he accuracy o f large
robot i.very poor. I n a robot w i t h a reach o f 2 meters carrying
a variety o f loads, an absolute accuracy o f 1 - 2 mm i s typ ica l .
This makes most large robots unacceptable f o r tasks requiring
precise knowledge of the posit ion o f the end-effector. As t h e
demand f o r be t te r accuracy performance grows, uo as the need f o r
innovative systems and methodologies t h a t can provide accurate
information about the position o f the robot end-effectors.

The basic problem t o be Solved i s t h a t o f locating a point
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I

i n tho throo -dimonrional rpaco [Rof. 1-61. 8ovoral approach08 are
boing urod. Thoy includo rtorootr iangulat ion w i t h thoodol i te
notwork and oloctro -camora ryrtom [Rof. 7,8], photogrammetry
[Rof. 91, multiplo -longth moaruromont w i t h l a r o r intorforometry
and wi ro r [Rof. 10-111. Thoro approachor a l l r u f f o r bocraur8 1)
they aro more complox and cort ly than aro foar ib lo t o eonrider as
an in tog ra l pa r t o f a robotic ryrtuu, a) thoy aro too rlow t o
operato i n roal - timo, o r 3) thoy do not provido rufficient
accuracy f o r asreably o f tool ing and fixturing, in~pect ion,
drill ing, ate.

This papor do ta i l 8 tho concopt o f two automatic ringle-beam
laser tracking intorforometor m y m t o m 8 (LTIS) undor development a t
tho National Buroau o f Standards. Proliminary tort. indicate t h a t
both tracking ryrtomm are capablo o f detonnining the ond-effector
posi t ion (in o i t he r point -to-point o r continuour path mode) t o
about on. par t i n 100,000 (i.0. 12.5 um fo r a robot w i t h 2 meters
o f reach), whieh i m about 100 t imor bo t to r than a robot.
Tochniquom o f lamor tracking wing multiplo-boamr are almo
d i ~ C U B ~ e d o

20 5-DIMENSIONAL LASER TRACKING INTERFEROMETER SYSTEM (5-D LTIS)

2.1. Concept g tho 5-D LTIS
The automa= 5-dimenmional laser tracking intorforometer

rystem (5-D LTIS) i m a dynamic tracking ayrbm designed t o
measure the posit ion o f a moving target i n f i v o axes; nanely, X,
Y, 2 plum pitch and r o l l . Piguro 1 i l l u r t r a t o r a 5-D LTIS w h i c h
compriros o f throo major eomponontm: a micro-oomputor, a portable
trackingunit and a targotunit. Tho trackingunit, including a
l a r o r intorforornotor ryrtuu, a dual-axor rorvo -controllod
tracking mirror 8nd a tripod, ir fizmly 1Wat.d a t mom
convoniont posit ion away from tho robot. Tho targotunit oonrir to
o f a dual-axor rorvo -controllod p a r t i a l mirror (154 tranmmirrion)
and two bi- latoral - offoct photodiodor ( inrtal lod a t back o f the
mirror) ir mountod on tho robot wrirt, Tho oontrol ebjoctivo o f
the l a r o r tracking rymtun ir t o accuratoly OOIVO tha anglom o f
the tracking mi r ro r and diroct tho lamor boam t o tho contor o f
tho target mirror. fn tho moantimo, tho targot mi r ro r ir also
senroed t o stay perpendicular t o the in-coming boam and return
the beam prociroly back t o the oourca. Tho lamer system,
therefore, moarurer the chango in rad ia l dirplacoment between t h e
ta rge t mi r ro r and tho tracking mirror. An in i t ia l absolute
distance cal ibrat ion procomr ir r0quir.d i n o d o r t o obtain the
absolute porition o f tho targot from the tracking mir ror . The two
photodiodos a t back o f tho target mi r ro r aro urod t o supply
information about t h o boam posi t ion on tho photodiodes t o the
micro-computor through four A/D convortorr t o c loro tho BBIVO-
loop 0
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The measuring origin o f the system i s point A, which i s
defined By the intersection of the ver t ica l (Theta A) and
hor izonta l (Phi A) axe6 o f the tracking mirror. Similar ly, the
measuring point i s 8, w h i c h i s defined by the intersection o f the
ver t i ca l (Theta B) and hor izontal (Phi B) axes o f the ta rge t
mirror . Each rotat ing axis i s coupled w i t h a high precision
encoder. Hence, by incorporating the angle output6 o f Theta A and
Phi A and the absolut8 distance between point A and 8, the X, Y
and 2 positions o f the ta rge t mirror, and thus the posi t ion o f
the robot end-effector, can be computed i n spherical coordinates.
Since the ta rge t m i r ro r i e controlled t o stay perpendicular t o
the in-coming beam during the tracking process, the pitch and
r o l l orientations o f the ta rge t mir ror re la t i ve t o the measuring
origin can be readily re la ted t o the measurements o f Theta B and
P h i B angles.

2.2. Theory gg erat ion gg the 5-D &TIS

Laser System i s chosen fo r the 5-D LTIS. A a imi la r system had
been successfully applied t o an ear l i e r experimental 2-D LTIS,
and had establimhad eome fundamental knowledge f o r the 5-D
mystem. Figure 2 shows the rrchematic of the plane mi r ro r
interferometer uaed in the 2-D LTIS. Two orthogonally polar ized
beams (refer red a6 the reference and measuring beams) a t
narrowly -spac8d frequenciem are provided by the laser. The
reference beam enters the interferometer, i s immediately
ref l8cted a t the polar iz ing beamsplitter and returned t o the
fringe counter. The measuring b8am proceeds through t h e
interferometer and i a circularly polar ized a f t e r passing through
the quarter -wave retardat ion plate. 208 o f the intenmity i s then
transmitted through the target m i r ro r and reached t o the f i r s t
b i - la tera l - ef fect photodiode DA while the r e s t i s ref lected off
the target n i r r o r and returned t o the interferometer. As the beam
passes through the retardation p la te the mecond time, i t s
po lar izat ion i o fur ther rotated by 45 degr8es and is, therefore,
l i nea r and having the same polar izat ion as th8 reference beam. It
i s then r8flect.d upward i n t h m b8amoplitter t o the upper
retroref lector, offmet and r8flected downward, and e x i t the
beamsplitter t o form a mecond beam path. A f t e r passing the
retardat ion p l a t e the third time, the beam i s returned t o the
retardat ion p la te again by the target mi r ro r while allowing
another 208 o f the int8nsity t o r8ach diode DB. As t h e beam
passes through the p la te the fourth time, the po la r i za t ion has
already been rotated f o r a t o t a l o f 360 degrees (resumes i t s
in i t ia l po lar izat ion atate). It then passes through t h e
interferometer and emerges i n t o the fringe counter where it i s
opt ical ly combined w i t h the reference bean.

A dual-frequenc=-T-e8 Zeeman -Split Plane M i r r o r Interferometer
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Tho output o f DA ir II d.0. voltago proport ional t o the
por i t i on o f tho firrt boam on DA in tho X-axir. Tho signal i s f o d
t o tho oomputrr through a A/D oonvrrtor t o dotormine the amount
of po r i t i on o f f r o t botwoon thr dor i rod and aotual po r i t i on o f the
boam, and t o computo tho appropriato rorror - correcting@@conuaand
f o r tho Thota A axis o f tho 2-D traakingunit. Tho output o f DB
roprormntr tho posi t ion o f tho rooond boam on DB. I t s magnitude
ir dopondont on the non-rquaronorr botwoen tho measuring beam and
tho aurfaco o f tho ta rge t m i r ro r in tho X-Y plan., and the
distanco AB. Similar ly, the signal from DB i s fed t o the computer
through another A I D converter t o compute the "angular error -
correcting " command f o r the Ph i B axis o f the target mi r ror .

Instead o f servoing the ent ire trackingunit a8 i n the 2-D
8ystem, the 5-D eystem u t i l i z e s a servoed tracking mi r ro r t o
act ively direct the beam t o the target (Fig. 1). This arrangement
introduces a new problem-- as the tracking mi r ro r ro ta tes around
the ve r t i ca l axis, the f i r s t and 8econd beams will r o t a t e
r e l a t i v e t o each other along tho measuring axis. To el iminate
t h i 6 problem, the original 2-D configuration i e modif ied t o adopt
a so-called "pseudo-single-beam plane mi r ro r interferometer. "
This modification involves merging the two beams together by
centering the beam w i t h the interferometer (Pig. 3), and by
employing an additional quarter -wave retardat ion p l a t e and a
polar iz ing beamsplitter t o separate the beams beyond the t a r g e t
mi r ro r f o r control purposos.

The 5-D LTIS operating theory ir essential ly r i m i l a r t o the
2-D'. describod abovo. I n tho 5-D system, both DA and DB are
respoctivoly used t o rupply two-dimensional feedback information
t o tho eomputer f o r tho control o f the tracking and ta rge t
mirror.. Am the target mirror ir drivon i n o i the r the Y- o r 2-
axis, a two-dimensional o f f r o t r igna l (orror) indicating a change
i n tho or ig inal beam posi t ion i a immediately detected and
generated by DA and fed t o the oontrol computor through two A/D
converters. Tho information i a promptly proceared by the computer
t o yield the appropriato command6 f o r the Theta A and Phi A axes
o f tho tracking mi r ro r t o null the offset. While the tracking
mir ror i s rotated in an o f f o r t t o null DAIS output, an angle
misalignment between the target mi r ro r and the measuring beam i s
created and detected by DE. A two-dimensional oignal proport ional
t o the amount o f misalignment i o output by DB and fed t o t h e
computer. The information i s processed t o generate t h e
appropriate commands f o r tho Theta B and Ph i B axes o f t h e ta rge t
m i r ro r t o null DB's output. For a pure trans la t ion o f the ta rge t
mi r ro r along the measuring aXi.8 no change o f l a t e r a l
displacement i s obrervad by o i thor photodiode. Consequently, t he
control action i 6 minimum and tho tracking ryrtem merely updates
the change o f r a d i a l dirtanco o f t h o target from the measuring
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origin.

The laser tracking system i s conceptually near ly i den t i ca l
t o a so-called " Tota l Stat ion " widely used i n f i e l d surveying,
Major e r ro r sources l ike angular encoding errors, height of
standards errors, distance measuring errors 8 Col l imation errors,
etc., found i n the tracking system can be analysed using simi lar
techniques as described i n Ref. 12, 13. A b r i e f e r ro r analysis of
the 5-D LTIS can be found i n Ref. 14. Based on these analyses, a
projected measuring accuracy o f about two parts in 100,000 (i.e.
+/- 40 um i n a 2 x 2 ~ 2cubic meter measuring volume) and pitch and
yaw angles t o b e t t e r than one arc-second can be achieved by t h e
5-D system.

2.3. Experimental Results o f the 5-D LTIS
In order t o d e m o n s t i & a x r a n g feas ib i l i t y o f t h e

npseudo-single-beam plane mi r ro r interferoiieterm 8 an experimental
5-D LTIS without angular encoders was built and tested. Figure 4
i l l u s t r a tes the experimental setup which u t i l i z e d a manual driven
coordinate measuring machine (CMM) as a test bed, The tracking
unit (Figure 5) including a Hewlett Packer 550lA plane m i r r o r
interferometer system [Ref. 151 and a tracking mi r ro r was Firmly
located a t a distance o f two meters away from the CMM having a
work volume o f 1.5x1.5x1.5 cubic meters. The target mi r ror was
r igidly mounted on the ram of the CMM and weighs about one
kilogram. The window o f the ta rge t mi r ro r i s 13 m i l l ime te r i n
diameter whi le the size OF the laser beam i s approximately 8
m i l l i m e t e r i n diameter. Thus the effect ive eervo-range f o r
tracking control i s +/- 2.5 mil l imeter. Figure 6 shows the
schematic o f the gimbel design f o r both the ta rge t and tracking
mirrors. Two Inland Company doc. motors [Ref. 161 are insta l led
on the gimbel device: a QT-0706 (11.6 N-cm.) motor and a QT-1207
(19 N-cm.) motor f o r the horizontal and ver t i ca l axes
respectively. Both axes use an Inland Company TG-1203 tachometer
t o provide veloci ty feedback t o the computer. Figure 7 and 8 are 8

respectively, pictures o f the dual-axes tracking and ta rge t
mirrors constructed according t o the design shown i n Figure 6.

The feas ib i l i t y o f the 5-D LTIS was demonstrated as the
laser beam was successfully controlled t o lock-onto the center o f
the ta rge t mi r ro r while it was randomly driven within the work
volume o f the CMM a t maximum speed (10 cm/sec.). Based on the
voltage readouts o f DB (representing the angular misalignments)
and the tracking distance o f 2 meters (the e f fec t i ve tracking
distance i s twice o f t h a t amount since the measuring beam trave ls
between the target and tracking mirrors twice), the angular
contro l accuracy o f a l l four axes are found t o be on the order of
0.5 arc-second. The change o f r a d i a l distance obtained from the
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l aeor aystom wan eonpared w i t h tho roadout. o f the CMM t o y i e l d
tho ropea tab i l i t y o f tho tracking systom ( t o t a l measuring
accuracy could not bo obtainod sinco angular encoders were n o t
umod i n tho oxporimental eatup). Tosts indicate t h a t the 5-D
laser tracking systom ham a repoatab i l i t y aomparable t o t h a t o f
the -8 which i s i n tho ordor of +/- lo nicrometor. This implies
t h a t the repoatab i l i t y o f tho laser mysten could be b e t t e r than
+/- 10 micromotor ovor a 1.5x1.5x1.5 cubic motor volume. Based on
these result. and tho o t ro r analysis, it i m concoivable that ,
with good manufacturing pract ise and angular encoder (e.g. one
arc-second accuracy), an overa l l measuring accuracy o f two par ts
i n lOO,OOO o r be t te r can be achieved by such a system.

3. 3-D LASER TRACKING INTERFEROMETER SYSTEM (3-D LTIS)

3.1. Concept o f the 3-0 LTIS
The 5-D-L- h a s s n basically proven as an advanced,

f l ex ib le and accurate multi-degree-ofzfkeedom measuring system
which has the poten t ia l o f offering a var ie ty o f appl icat ion
opportunities. However, it i s also recognized t h a t there are
applications where measurements o f the x# Y and Z positions o f
the ta rge t are considered adequate. I n these cases the 3-D LTIS,
which employs a passive ta rge t (i.e. a neat's eye" or a "corner
ref lector n , generally referred a8 a re t ro re f lec to r i n t h i s tex t )
instead o f a oentoed target, becomes more economical and
practical. The property of a re t ro re f lec to r i s t h a t f o r a
collimated beam etriking the ret roref lector off- center (Fig. 9) ,
it will emerge p a r a l l e l t o the in-coming beam w i t h twice the
amount o f l a t e r a l offset. Thus f o r a beam striking the center o f
the precision ret roref lec tor , itwill be returned t o the source
l i t e r a l l y on tho same path.

o f Operation o f the 3-D LTIS3
.
2

* =FUnl ke t h e 5-D syotG which u t m e s a wpseudo -single-beam
plane mi r ro r interferometer " f o r distance aeasurements, t h e 3-D
system shown in Pig. 10 employ6 a "dual-frequencies .ingle-beam
i n t e r f e r ~ m e t e r . ~Two orthogonally polar ized beams (referred as
the reference and measuring beams) a t narrowly -spaced frequencies
are provided by the laser. The reference beam i s immediately
re f lec ted o f f the polarizing beamsplitter o f the interferometer
and returned t o the fringe counter. The measuring beam passes
through the interferometer and a 508 beam6plitter where h a l f o f
i t a intensity i s los t . It i s then directed t o the center o f t h e
passive target (i.e. re t ro re f lec to r ) through a dual-axes servoed
tracking mirror. The beam i s then returned (without o f f se t ) t o
the tracking mi r ro r and the interferometer, and enters i n t o t h e
fr inge counter where it i s opt ical ly combined w i t h the reference
beam. O n i t s return path t o the fringe counter h a l f o f i t s
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intensity ( 2 5 t o f the original) i s deflected by the beamspl i t ter
and reached t o the b i - la te ra l - e f fec t photodiode DA. The magnitude
of the b i - l a t e ra l offset of the beam from the centroid o f DA i s
indicated by the X and Y voltage outputs o f DAa The information
i m fed t o the micro-computer w h i c h determines and issues the
appropriate servo-commands t o the tracking mi r ro r t o null the DA

P r i o r t o the tracking proce68, the outputs o f DA are nulled
by aligning the measuring beam w i t h the opt ica l center o f the
re t ro re f lec to r . The residual output6 are registered i n t o the
computer through t w o A/D converter. as the control references. As
eoon as the target i s driven t o mov8 (i.0.sideway) a l a t e r a l
o f f se t between the in-coming and the returning beam i s
immediately introduced and 8ensed by the photodiode. The
information i o promptly fed t o the computer f o r processing. The
computer then determines and iseues the appropriate "error -
correcting w 6ento-commands f o r the Theta A and P h i A axes o f the
tracking mirror. On the other hand, if the target mi r ro r i s t o
move along the measuring axis o f the beam, no of fse t i s observed
by DA and no control act ion will be implemented. However, the
laser mystem will continue t o updat8 the change in r a d i a l
displacement o f the target.

3.3. Experimental Results o f the 3-0 LTIS
An e x p e r i m e n w D - L mchown-Fig. 11 was bui l t and

tested using s im i l a r setup and equipment as i n the 5-D
experiment. The trackingunit was, again, located two meters away
from the CMM. A 25 mi l l ime te r diamater whollow n re t ro re f l ec to r
weighing less than 0.1 kilogramw i t h one arc-second accuracy was
mounted onto the ram o f the CMM, replacing the need o f a servoed
target as i n the 5-D mystem. During the tracking process, the
target ( re t roref lec tor ) was randomly moved throughout the work
volume o f the CMM a t maximum speed (10 centimeter/aecond). The
laser beam maintained lock-onto the center o f the target. No
mignificant reduction o f beam intensity o r loss of fr inge
countings were evident. As w i t h the previous experiment, the
mystem measuring accuracy wae not accessible because angular
encoders were not used. However, based on a im i l a r repeatab i l i ty
and control accuracy analyses, the t e s t resul ts are essential ly
the same. That is , a repeatab i l i ty o f +/- 10 micrometer
(comparable t o tha t o f the CMM) and an angle control accuracy o f
+/- 0.5 arc-second over a 1 . 5 ~ 1 . 5 ~ 2cubic meter volume. Based on
these results, a projected accuracy o f t w o p a r t i n 100,000 i s
considered achievable.

OUtpUtB l

4. MULTI-STATIONS LASER TRACKING SYSTEMS

4.1. Two-Stations 3-D Laser Trackinq System
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Anothrr por r ib i l f t y o f achioving 3-D maaruroments bared on
tha l a r 8 r tracking COnCOpt ir the ura o f a Two-Station9 Tracking
Syrtam rhown i n Fig. 12. Two indopendently rantood dual-axes
tracking r ta t ion r ara amployad t o t raok tho motion o f a common
parr iva ta rgo t (i.0.a ratroraf laotor) . Tha traoking operation or

tho dirtanco mearuramentr i n the two- rtation ryrtom are not
obtained by interferometry technique, but by t r iangu la t ion
(based on the knowledge o f the distance between the two sta t ions
M U 2 and any three o f the four angle readout8, Theta A, P h i A,
Theta B and P h i a). Two major advantages o f the two- stations
eystmu over tho 3-D LTIS are that it i o an absolute measuring
system and i s therefore more impentiouts t o l o s t o f the absolute
distance measurement due t o momentarily blockage o f the beam
path. Secondly, it eliminates the need o f an expensive laser
interferometer system.

aach r t a t i o n i. aimf lar t o tho 3-0'. di8cu8rad above 8XCOgt t h a t

One o f the disadvantages i n the two-stations system i s that
the measuring accuracy of the system i s la rge ly dependent on t h e
dimensional s tabi l i ty o f the three spat ial distances MlM2, H1B
and M2B, and the accuracy o f the distance ca l ib ra t ion between the
t w o stations. Enviromental factors ruch as change o f r e f l e c t i v e
index o f a i r , thermal gradients and vibration o f the base
stations are some o f the sourcee for the dimensional ins tab i l i ty .
The 3-D and 5-D oingla-beam mystems involve one spat ia l
measurement and on. single ntation and aro, therefore, less
rrubjected t o enviromental af fectr . Furthermore, t h e 3-D o r 5-D
myatem i m more compact and p O r t a b 1 8 t o bo considered as a general
metrology rystem f o r a var iety o f applications.

4.2. Three -Stations 3-D Lamer Trackin Syetom
The idea o f x n g td- stat one tracking rystem can be

oasi ly expanded t o include the threa - rtationo laser tracking
system. Somewhat r im i l a r t o the operation o f the .ingle-beam 3=D
LTIS, a three -etations system smployeo three independent eingle -
beam tracking units t o track one common parsive ta rge t (Pig. 1 3 ) .
Each tracking unit incorporate. i t s own l a r e r interferometer
measuring system and a dual-axes tracking mirror . Posit ion
measurements of the target aro computed based on the knowledge o f
the three "length " measure~nentm AlB, A2B and A3B, and t h e
precalibrated ba6e distances between each s ta t ion AlA2, A2A3, and
A3A1. However, th is 8ystem presents little o r no significant
advantages over t h e other rystems mentioned above.

5, CONCLUSIONS

The po ten t i a l measuring accuracy o f the LTISs i s genera l ly
ten t o a hundred times bet te r than most o f the robots bu i l t
today. One o f the tasks which will need t o be addressed i s how t o



best exp lo i t this accuracy. For inspection, the robot could pick
up a touch probe with the ta rge t r e f l e c t o r assembly mounted onto
t h e probe. The tracking system will continuously compute the
coordinates and orientat ion8 o f the probe origin. For assembly,
th is system can provide on- line posi t ion feedback control o f the
robot end-effector independent 02 the feedback from joint
members. And f o r robot accuracy enhancement, the system can be
used t o generate a s t a t i c or dynmaic er ro r map o f the robot which
can be used l a t e r by the robot control ler t o compensate f o r t he
error .

I n areas such as robot performance measurements and
standardizations, the laser tracking oystem can of fe r t h e speed,
accuracy, f l e x i b l e end range t h a t no single aystem currently can.
A t t h i s stage, a full 5-D LTIS i s under construction a t t h e
Nat ional Bureau 02 Standards. The designed accuracy i s two parts
per 100,000 w i t h a measuring volume o f approximately 3X3X3 cubic
meters and a maximum tracking speed o f 300 nun/sec. It i s expected
t o be completed by June, 1986 and will Seme as a general
cal ibrat ion t o o l f o r robot performance measurements.

*
"Certain commercial equipment, instruments or materials are

ident i f ied in th i s paper in order t o adequately specify the
experimental procedure. Such iden t i f i ca t i on does not imply
recommendation o r endorsement by the National Bureau o f
Standards, nor does it imply t h a t the materials or equipment
ident i f ied are necessarily the best available f o r the purpose. "
(NBS Communications Manual fo r scient i f ic, Technical and Public
Information, Nov. 1980, pp. 9 C 10).
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Figure 1. 5-D Laser Tracking Interfcrametcr System
(5-D LTIS)
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Figure 2. Plane -Mirror - Interferometer Setup f o r
2-D L T I S



Figure 3. Pseudo -Single -Beam-Interferometer Setup f o r
5-D L T I S
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Figure 5. 5-D LTIS Tracking U n i t

Figure 6. Dual-Axes Cimbel Design
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Figure 7. Dual-Axes Tracking M i r r o r

Figure 8. Dual-Axes Target M i r ro r
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Figure 9. Propert ies o f a Retroref lector

Figure 10. Configuration o f a 3-D LTIS
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Figure 11. Experimental 3-D LTIS Setup

Figure 12. Two-Stations 3-D LTIS



Figure 13. Three-Stations 3-D LTIS






